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Atomic-Scale Magnetic Properties of Truly 3 d -Diluted ZnO
 Roberto  Mantovan , *  Haraldur Páll  Gunnlaugsson ,  Karl  Johnston ,  
Hilary  Masenda ,  Torben Esmann  Mølholt ,  Deena  Naidoo ,  Mehluli  Ncube ,  
Seyedmohammad  Shayestehaminzadeh ,  Krish  Bharuth-Ram ,  Marco  Fanciulli ,  
Hafl idi Petur  Gislason ,  Guido  Langouche ,  Sveinn  Ólafsson ,  Lino M.  C. Pereira , 
 Ulrich  Wahl ,  Piero  Torelli ,  and  Gerd  Weyer 
 In search for dilute magnetic semiconductors, the magnetic properties at 
the atomic-scale of Fe atoms incorporated in ZnO, in a concentration range 
of more than fi ve orders of magnitude from 1 × 10 −5 to 2.2 at% have been 
probed using emission  57 Fe Mössbauer spectroscopy on implanted  57 Mn 
and  57 Co produced at ISOLDE/CERN. In the ultra-dilute regime (10 −5 at%), 
the system shows isolated paramagnetic Fe 3+ ions with a spin–lattice type 
of relaxation. At higher concentrations (between 0.02 and 0.2 at%) a transi-
tion to spin–spin type of relaxation between neighboring Fe 3+ is observed, 
without any signature of magnetic ordering up to 2.2 at%. Despite the many 
reports of dilute magnetism in 3 d -doped ZnO, this atomic level study shows 
no evidence of any long-range magnetic ordering between isolated Fe atoms 
incorporated in the ZnO lattice. 
DOI: 10.1002/aelm.201400039
signifi cant research effort was initiated 
in order to confi rm experimentally the 
theory. [ 2–4 ] After a strong initial optimism 
about the possibility of establishing ferro-
magnetism in 3 d -doped semiconductors 
and oxides, a more cautious realism has 
recently emerged, mainly due to contradic-
tory reports for very similar systems (see, 
e.g., refs. [2–4] and references therein). 
The potential presence of extrinsic con-
tamination [ 5 ] and/or unwanted precipi-
tates of 3 d -atoms [ 6 ] is certainly among the 
most critical issues in order to identify 
sources of ferromagnetism in dilute mag-
netic semiconductors and oxides (DMS/
DMO). Recently, interest in ZnO nano-
sized systems has risen considerably with 
evidence of ferromagnetism reported in ZnO nanoparticles, [ 7 ] 
ZnO nanostructures having different shapes, [ 8 ] and ZnO nano-
cactuses. [ 9 ] Origin of ferromagnetism in these ZnO nanostruc-
tures has been attributed to oxygen ions polarization [ 7,9 ] and 
surface defects. [ 8 ] To understand whether long-range magnetic 
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 1.  Introduction 
 Following the prediction by Dietl et al. [ 1 ] about the possibility 
of achieving long-range magnetic order at temperatures above 
room temperature (RT) in p-type ZnO doped with 5% Mn, 
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ordering is possible in ZnO, studies of single crystals are cer-
tainly the very fi rst step in order to shed light into the origin of 
ferromagnetism in ZnO nanosystems as well. 
 In this context, of paramount importance are atomic-scale 
studies by methods that are not infl uenced by extrinsic con-
tamination. X-ray magnetic circular dichroism (XMCD) has 
been widely used to investigate DMS/DMO in order to obtain 
element-specifi c magnetic properties and to study the relation-
ship with the host crystal structure. [ 2,10,11 ] However, it can be 
diffi cult to assign ferromagnetism to originate from truly dilute 
spins or from secondary phases using XMCD, especially when 
the secondary phases account for few percent of the total signal. 
 57 Fe emission Mössbauer Spectroscopy (eMS), following 
the implantation of radioactive  57 Mn ( T 1/2 = 1.5 min) and 
 57 Co ( T 1/2 = 272 d) at ISOLDE/CERN, has proved to be a pow-
erful technique for studying the atomic-scale structure and 
magnetism in ZnO single crystals in the extremely dilute 
3 d -dopant regime as low as 10 −5 at%. [ 12–15 ] 
 This paper concentrates on the magnetic properties of ZnO 
on an atomic-scale as a function of 3 d -dopant concentration, in 
order to probe possibilities of magnetic ordering in truly dilute 
systems. In eMS, the hyperfi ne interactions between the  57 Fe 
impurities and their nearest and next nearest neighbors are 
probed. In the study of DMS/DMO, the results of eMS are 
unique since the spectroscopy is only performed at the  57 Fe 
sites [ 16 ] and therefore insensitive to both external and surface 
3 d -contaminants. Moreover, the measurements are performed 
well below the percolation limit, thus precipitation is avoided. 
Higher 3 d -dopant concentrations (up to a few at%) are obtained 
by appropriate Fe pre-implantation. The implantation process 
creates a large number of defects, and if this would lead to the 
presence of defect-mediated long-range magnetic ordering [ 17,18 ] 
eMS would probe this ordering at the 
smallest atomic-scale inside the implanted 
volume. 
 2.  Results and Discussion 
 The samples used in this study are sum-
marized in  Table  1 , with indicated  56 Fe pre-
implantation fl uences, eMS implantation 
energies, and total Fe concentrations. The 
total Fe concentration is the concentration of 
Fe atoms in the measured volume, calculated 
from the convolution between the  56 Fe pre-
implantation and the  57 Mn/ 57 Fe implanta-
tion profi les, the latter identifying the volume 
sensed by eMS. 
 Figure  1 shows eMS spectra obtained at 
RT for a selection of the ZnO samples listed 
in Table  1 . 
 The eMS spectra were analyzed in terms 
of four components: (1) Fe C attributed to Fe 2+ 
on substitutional Zn sites; [ 12,14 ] (2) Fe I attrib-
uted to recoil-produced (and/or as-implanted) 
interstitial Fe, [ 9 ] not observed in  57 Co implan-
tation; [ 14 ] (3) magnetically-split component 
Fe(III), attributed to Fe 3+ on substitutional 
Zn sites [ 13,15 ] analyzed in terms of the empirical relaxation 
model based on the Blume and Tjon lineshape (EmpBT) 
developed by Mølholt et al.; [ 20,21 ] and (4) Fe D attributed to Fe 2+ 
in damage sites, showing no angular dependence, as previ-
ously observed for the Fe D component in  57 Co/ 57 Fe implanted 
ZnO. [ 14 ] Fe C and Fe I were analyzed with asymmetric doublets 
taking into account the emission angle relative to the crystal 
 Figure 1.  eMS spectra obtained at RT of ZnO samples with the indicated total Fe concentra-
tion. The spectra obtained here are recorded under emission angle  θ E of 60°, unless otherwise 
indicated. The solid lines show the fi tted spectral components and their sum. Labeled compo-
nents are indicated with same colors. 
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 Table 1.  Set of investigated ZnO samples with indicated  56 Fe and/or 
 57 Co pre-implantation fl uence,  57 Mn implantation energy to perform 
eMS, and the total Fe concentration in the implanted/measured volume. 
Sample label  56 Fe (pre-implanted) 
or  57 Co/ 57 Fe fl uence a) 
[cm −2 ]
 57 Mn implantation 
energy b) 
[keV]
Total Fe 
concentration c) 
[at%]
5E10 Mn – 50 1.1 × 10 −5 
3E12 Mn – 50 6.4 × 10 −4 
1E14 Fe 1 × 10 14 60 0.02
3E14 Co 3 × 10 14 N/A 0.08
7E14 Fe 7 × 10 14 40 0.17
1E15 Fe 1 × 10 15 60 0.22
1E15 Co d) 1 × 10 15 N/A 0.25
2E15 Fe 2 × 10 15 60 0.44
1E16 Fe 1 × 10 16 60 2.2
 a) Implantations at 60 keV at RT, performed at 0° relative to the sample normal; 
 b) Implantations performed at 30° relative to the sample normal;  c) Calculated from 
an integration of the implantation/measurement profi les as determined from 
TRIM calculations. [ 19 ] The convolution considers the ion mass and the implanta-
tion energy and angle;  d) The measurements of this sample have been described 
in ref. [14]. A better estimate of the size of the beam-spot in those measurements 
indicates a fl uence twice that quoted in ref. [14]. 
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symmetry axis. [ 13 ] The data reported in Figure  1 was obtained 
online during implantation at RT. 
 For fl uences corresponding to total Fe concentrations up to 
≈10 −3 at%, the major change in the spectral shape (Figure  1 ) is 
due to an increased Fe 3+ /Fe 2+ ratio. This has been interpreted as 
refl ecting the radiation-damage-induced shift of the Fermi level 
toward the valence band. [ 15 ] An obvious candidate for the predom-
inant defect produced by the irradiation is the Zn vacancy ( V Zn ), 
for which fi rst principle calculations predict the 0/−1 acceptor 
level to be 100 meV above the valence band maximum. [ 22,23 ] Only 
minor changes in the spectral shape (Figure  1 ) are noted for con-
centrations between 10 −3 and 0.02 at%. Above 0.17 at%, three sig-
nifi cant changes become evident: the broadening of the Fe 3+ com-
ponent, the emergence of a damage component (Fe D ) identical 
to that observed in Co/Fe implanted ZnO, [ 14 ] and an increased 
quadrupole splitting of the spectral component Fe C . For concen-
trations above 0.02 at%, Fe 3+ gradually disappears in favor of the 
dominant Fe 2+ species (Fe C , Fe D ), as shown in  Figure  2 . 
 The disappearance of the Fe 3+ fraction at higher fl uences is 
in agreement with the literature. At lower fl uences, the iron 
atoms are stabilized in the Fe 3+ state by the presence of deep 
acceptors created in the implantation process. [ 15 ] Fluence-
dependent Rutherford backscattering spectroscopy investiga-
tions in ZnO [ 24 ] show that the damage formation saturates due 
to recombination of defects when collision cascades start to 
overlap. [ 25 ] Moreover, Fe is known to give rise to a donor level 
in ZnO. [ 26 ] It is therefore plausible that while the implanta-
tion-induced acceptors dominate at lower fl uences, Fe-related 
donors dominate at higher fl uences, thus promoting the forma-
tion of the Fe 2+ state over Fe 3+ . 
 The spectral intensities of Fe 3+ in the  57 Co/Fe implanted 
samples are observed to be lower than in the  57 Mn/Fe 
implanted samples (Figure  2 ). This can be explained in terms 
of the instability of the acceptor defects that stabilize the Fe 3+ 
state over time (and thermal annealing). eMS measurements 
following implantation with  57 Mn are performed  in-situ during 
the ≈1.5 min half-life of  57 Mn, while measurements on  57 Co 
implanted samples were performed several months after 
implantation. The instability of the Fe 3+ state against thermal 
annealing and time (i.e., RT storage for about one year) has 
been reported for samples implanted with low fl uences, and 
attributed to the recovery of the Fermi level to stabilize Fe 2+ . [ 27 ] 
In order to demonstrate that this also applies to samples 
implanted with higher fl uences, the 7E14 Fe sample (0.17 at%), 
after the fi rst eMS measurement on the as-implanted sample, 
was annealed at 490 ºC for 30 min and then re-measured at low 
fl uence  57 Mn implantation (≈10 −5 at%, spectrum not shown). 
The Fe 3+ area fraction decreased from 51(2)% to 31(2)%, 
showing that the Fe 3+ fraction is not stable upon annealing. 
 In Mössbauer spectroscopy spin relaxation processes result in 
line broadening of the magnetically-split Fe 3+ sextet components 
followed by collapse of the spectrum with increasing relaxation 
rates. [ 28 ] Line broadening can also be due to a disturbance in the 
local environment of the probe atoms resulting from implan-
tation damage (i.e., neighboring defects). However, broadening 
due to implantation-induced lattice imperfections is small. 
In  57 Mn experiments on TiO 2 , for example, a possible small 
additional broadening of the Fe 3+ sextets has been observed 
(ΔΓ < 0.15 mm s −1 ) at temperatures where implantation damage 
dominates the spectra. [ 29 ] The broadening observed, e.g., in 
sample 7E14 Fe is much larger, ΔΓ ≈ 0.85 mm s −1 , and therefore 
must be attributed to spin relaxation processes. 
 Spin relaxation can be due to spin–lattice relaxation (cor-
responding to the  T 1 relaxation time in electron paramagnetic 
resonance, EPR, experiments) and/or to spin–spin relaxation 
between same ion-type species (corresponding to the  T 2 relaxa-
tion time in EPR). Spin–lattice relaxation rates are strongly 
temperature-dependent while spin–spin relaxation rates are 
generally temperature-independent. [ 28 ] Employing eMS, spin 
relaxation rates in the range of  τ −1 ≈ 4 × 10 6 – 1 × 10 8 Hz can 
be extracted from the temperature-dependent broadening of 
the magnetically-split sextets. [ 20,21 ] This sensitivity range is cor-
related with the mean lifetime ( τ M = 140 ns) of the 14.4 keV 
 57 Fe Mössbauer state. The spin relaxation rates were obtained 
for the set of ZnO samples under study as a function of the 
Fe 3+ concentration and are shown in  Figure  3 . 
 The increase in the relaxation rate with Fe 3+ concentration 
observed at RT (Figure  3 ) follows roughly the square depend-
ence expected from theory for spin–spin relaxation between 
same type of ions, [ 30 ] as indicated by the dashed line in 
Figure  3 . For pure ZnO (total Mn/Fe concentration <10 −4 at%), 
 Figure 2.  Relative spectral area of Fe 3+ as a function of the total Fe 
concentration. 
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 Figure 3.  Relaxation rates for Fe 3+ at RT as determined from the EmpBT 
model [ 20,21 ] as a function of average Fe 3+ concentration. The dashed line 
shows a comparison with a square dependence on the Fe 3+ concentration. 
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the Fe 3+ spin–lattice relaxation rate at RT is extrapolated to be 
≈10 5 Hz, [ 21 ] which is far below the detection limit in eMS. This 
also leads to the conclusion that the main contribution to the 
broadening of the Fe 3+ magnetically-split sextet components at 
RT (Figure  1 ) is due to spin–spin type of relaxation. 
 It should be noted that the 2E15 Fe sample shows a lower 
spin relaxation rate than the 1E15 Fe sample despite the higher 
implantation fl uence. However, when the relative Fe 3+ concen-
tration is taken into account (area fraction of Fe 3+ : 24(1)% and 
53(4)%, for 2E15 Fe and 1E15 Fe, respectively), the data follows 
a linear trend as predicted by the theory of Bloembergen et al. [ 30 ] 
 Figure  4 shows the temperature dependence of the Fe 3+ spin 
relaxation rates,  τ −1 , for the 1E14 Fe (0.02 at%) and 1E15 Fe 
(0.22 at%) samples, compared with that previously reported for 
the 3E12 Mn sample (Table  1 and ref. [21]). 
 Relaxation rates originate from the combination of tem-
perature-dependent spin–lattice relaxation and temperature-
independent spin–spin relaxation. The spin–spin process 
clearly dominates in the 1E15 Fe (0.22 at%) sample. Moreover, 
the data in Figure  4 clearly shows that spin–spin relaxation 
between (substitutional) Fe 3+ –Fe 3+ ions emerges when the total 
3 d -concentration is between 0.02 and 0.22 at%. 
 Sati et al. reported an EPR study in a Zn 1- x  Co x O system as a 
function of  x from 0.001 to 0.075, [ 31 ] where a constant increase 
of line broadening with concentration has been observed as due 
to the combination of dipolar and exchange interaction. This is 
consistent with the spin relaxation rate increase with 3 d -dopant 
concentration observed in our experiments. 
 Data presented here is obtained following implantation 
at RT and therefore no magnetic contribution from possible 
annealing-induced aggregation of 3 d -ions is expected. Fe aggre-
gation in Fe-implanted ZnO, and resulting nearest-cation-
neighbor antiferromagnetic interactions, were only observed 
following annealing at 500 ºC. [ 32 ] Similar nearest-cation-
neighbor antiferromagnetic interactions have been observed 
in Co-doped ZnO crystals grown by molecular beam epitaxy at 
560 °C [ 33 ] and by reactive magnetron sputtering at 350 °C. [ 34 ] It 
has to be pointed out that Mössbauer spectroscopy is equally 
sensitive to ferromagnetism and anti-ferromagnetism, both 
resulting in magnetically-split sextets. 
 For ZnO crystals implanted with Co and Ni at higher fl u-
ence (from 0.8 × 10 16 to 8 × 10 16 cm −2 ) followed by thermal 
annealing, magnetic ordering has been observed and attributed 
to Co and Ni nanoclusters. [ 35 ] In GaN systems with a Fe concen-
tration-doping ≥0.4 at% and synthesized at 750–1050 °C, ferro-
magnetism has been observed and attributed to the formation 
of Fe-based aggregates. [ 36 ] 
 The spin–spin relaxation rate values at RT as determined 
from the eMS data (Figure  3 ) correspond to those observed in 
samples containing frozen solutions of paramagnetic Fe 3+ . [ 37 ] 
For a 0.1M (6 × 10 19 Fe 3+ cm −3 ) concentration, a spin–spin 
relaxation rate of 5 × 10 7 Hz was reported, [ 37 ] which is in good 
agreement with the relaxation rate of 3.1(3) × 10 7 Hz deter-
mined for the 7E14 Fe sample (7.1 × 10 19 Fe 3+ cm −3 concentra-
tion), despite the very different sample preparation procedures. 
 No signatures for magnetic interaction over a longer range 
than expected from the Bloembergen et al. theory [ 30 ] and data 
from Mørup et al. [ 37 ] are observed in our systems. Long-range 
magnetic interactions would be expected to create either an addi-
tional line broadening due to the increased spin–spin relaxations 
or a sharpening of spectral features in the case of magnetic order. 
 Complementary information about magnetism at the atomic-
scale has been obtained by XMCD measurements, which were 
performed at the APE beamline of the Electra synchrotron 
radiation facility. [ 38 ] The spectra were recorded at RT on the 
7E14 Fe (0.17 at%) sample, which was chosen from the con-
centration range where spin–spin relaxation was observed to 
emerge on the basis of the eMS experiments (Figure  4 ). Due to 
the extreme dilution of the Fe ions, the energy resolution was 
set to 0.7 eV in order to maximize the incoming photon fl ux. 
X-ray absorption spectroscopy (XAS) was performed in a total 
electron yield (TEY) mode measuring the drain current at the 
L 2,3 Fe edges, reversing the magnetic fi eld direction either par-
allel or antiparallel to the incoming photon beam. The obtained 
XAS spectra as a function of the magnetic fi eld directions (for 
a single helicity of the incoming photon beam) are shown in 
 Figure  5 together with the XMCD difference. The shape of 
the XAS spectrum appears quite smooth with no pronounced 
 Figure 4.  Temperature dependence of the relaxation rates for the 1E14 Fe 
(0.02 at%) and 1E15 Fe (0.22 at%) samples, together with that observed 
in  57 Mn/Fe only implanted ZnO indicated with a dotted line. [ 21 ] 
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 Figure 5.  XAS spectra of sample 7E14 Fe recorded in total electron yield 
(TEY) of L 2,3 Fe edges as a function of the magnetization direction (top 
black triangles and red squares) together with their XMCD difference 
(bottom, blue circles). 
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features except for a small shoulder at the high energy side of 
the L 3 edge. The XAS signal closely resembles the one observed 
for FeO (pure Fe 2+ ), [ 39 ] while the small shoulder can correspond 
to a fraction of Fe 3+ . The dominating Fe 2+ character agrees with 
Mössbauer results, which evidences the instability of Fe 3+ even 
following storage at RT. [ 27 ] The XMCD spectrum does not show 
any magnetic signal, thus ruling out the possibility of long-
range magnetic ordering in the 7E14 Fe sample. 
 3.  Conclusion 
 In summary, we have tracked the atomic-scale magnetic prop-
erties of ZnO single crystals implanted with 3 d -dopants in the 
concentration range between 1 × 10 −5 and 2.2 at% by emis-
sion Mössbauer Spectroscopy. No signatures for long-range 
magnetic interactions, as monitored at the smallest atomic-
scale, are detected over the whole concentration range. Nor is 
there evidence of an implantation-induced defect-related mag-
netically-ordered volume. As the concentration is increased, 
the spin relaxation of the 3 d -doped ZnO system undergoes a 
transition from being predominantly of spin–lattice type with 
a rather long relaxation time in the extreme dilute regime, to 
a spin–spin type of relaxation between neighboring Fe 3+ at 
higher concentration, without any magnetic ordering. Our 
results are in accordance with those previously reported in 
Co and Gd implanted ZnO crystals at fl uences from 5 × 10 13 
to 1 × 10 15 cm −2 (total maximum ion concentration of 0.2%), 
where the absence of room temperature ferromagnetism has 
been evidenced. [ 40 ] By conducting experiments similar to those 
reported here, no magnetic ordering has been detected in Mn/
Fe-implanted Al 2 O 3 , [ 41 ] MgO, [ 20 ] TiO 2 , [ 29 ] and SnO 2 [ 42 ] in the 
ultra-dilute regime (i.e., 10 −5 –10 −3 at%) as well. 
 Together with studies conducted on other wide band gap 
semiconductors doped with transition elements, [ 36,43 ] our 
results support the view that the absence of room temperature 
magnetic ordering in wide band gap and truly diluted (i.e., 
without precipitation and/or 3 d -aggregates/surface contamina-
tions) semiconductors/oxides could be a general conclusion 
in the absence of effi cient mechanisms to mediate long-range 
interactions. 
 4.  Experimental Section 
 To conduct eMS, radioactive  57 Mn + ions ( T 1/2 = 1.5 min) were obtained 
at the ISOLDE facility at CERN by irradiation of UC 2 targets with 1.4 GeV 
protons and subsequent laser ionization. Pure beams with intensities 
≤5 × 10 8 ions s −1 were implanted into ZnO single crystals held at RT. 
Commercial [0001] crystals (CrysTec), hydrothermally grown, with typical 
contaminations of <20 ppm for 3 d elements and n-type conductivity 
(10 2 –10 3 Ω cm) were employed. Implantation angles and energies are 
summarized in Table  1 . 
 To conduct XMCD, the magnetic pulse used to magnetize the sample 
was 550 Oe (duration 300 ms). It was removed during the acquisition 
of the spectra. In this condition, we estimate the attenuation length 
of the secondary electron to be about 4 nm which means that the 
87% of the signal comes from the fi rst 8 nm of the sample. [ 44 ] Due to 
the extreme dilution of the Fe atoms, the fi nal statistical noise of the 
XMCD spectra is about 2% of the L 3 edge, thus leaving the possibility 
that a residual dichroism of the order of 1% has not been detected 
in our measurements. The possibility of such a small signal does not 
change the conclusion that the bulk of Fe spins are not aligned with the 
magnetic fi eld, thus excluding a ferromagnetic behavior of the sample. 
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